This review article summarizes in vitro and in vivo experiments on seaweed anticancer activity and seaweed chemical components. Seaweed use in cancer therapy, chemopreventive randomized control trials (RCTs) and quasi-experiments are discussed. The literature reviewed in this article was obtained from various scientific sources and encompasses publications from 2000-2012. Seaweed therapeutic effects were deemed scientifically plausible and may be partially explained by the in vivo and in vitro pharmacological studies described. Although the mechanisms of action remain unclear, seaweed's anticancer properties may be attributable to its major biologically active metabolites. Much of the seaweed research outlined in this paper can serve as a foundation for explaining seaweed anticancer bioactivity. This review will open doors for developing strategies to treat malignancies using seaweed natural products.
The number of patients diagnosed with cancer has been increasing each year, and cancer remains a major cause of death. According to the WHO, cancer accounts for approximately 13.3% of deaths worldwide. Rates of occurrence are expected to rise by 50% worldwide over the next 20 years [1] . Individuals diagnosed with cancer struggle with managing symptoms and coping with treatment side effects. Many clinicians and patients turn to alternative or traditional medicine to avoid the unpleasant or dangerous side effects inherent to modern cancer therapies. Recently, chemopreventive strategies using natural products and dietary supplements have become attractive options as potential means of controlling cancer incidence [2] . Gathering information on and analyzing purported traditional medicine practices is an important element of anticancer drug development involving natural products. For thousands of years, humans have utilized certain marine algae for multiple purposes [3] . Seaweed medical use dates to at least 5,000 years ago in ancient China, where the emperor ShenNung listed seaweed as a medicine in his classic pharmacopeia, the Pen Ts'ao [4] . Seaweeds have been used in traditional Chinese medicine to treat goiter, scrofula, swelling and pain of testes, and edema [5] . Additionally, some seaweed species have also been used in modern Chinese medicine to treat arteriosclerosis, skin diseases, high blood pressure, hepatosplenomegaly, neurosis, angina pectoris, acute esophagitis, and chronic bronchitis [6] . Marine algae belong to one of two groups: microalgae or macroalgae (seaweeds). Macroalgae are plant-like organisms. They are classified according to their pigmentation into green (chlorophytes), red (rhodophytes) and brown (phaeophytes) macroalgae.
Known for their richness in polysaccharides, minerals and certain vitamins, seaweeds also contain other bioactive substances, such as proteins, lipids and polyphenols. These chemicals possess potential foruse in treating cancer [7] , oxidative stress [3, 8] , inflammation [9] , allergy [10] , diabetes [11] , thrombosis [12] , obesity [13] , lipidemia [14] , hypertensive [15, 16] and other degenerative diseases. This review provides an overview of seaweed in vitro and in vivo investigations, and it summarizes our own research on seaweed components and their anticancer activity. Additionally, seaweed RCTs and quasi-experiments directed toward cancer therapy and prevention are discussed.
The chemical and nutritional contents of seaweeds vary with age, organism, species, and habitat [17] . Seasonal, environmental, and physiological variations also affect the contents [18] . Cultivated seaweed composition is affected by the time of harvest and the processing methods (e.g., drying, cutting, and milling) [19, 20] . Typical air-dried seaweed contains3-47% carbohydrate, 33-75% protein, 1.5-4% lipid, and 10-35% ash [21, 22] .
Seaweed contains considerably more protein than high-protein legumes, such as soybeans, and the protein content is generally higher in red and green algae (10-47% DM) than in brown algae (3-16%DM) [23] . The quality of a food protein depends on the variety and amounts of essential amino acids that that particular protein contains. Macroalgal proteins contain all essential amino acids;however, variations in specific concentrations occur between phyla [24] . The organoleptic characteristics of algae arise primarily from their free amino acid profile, which in turn depends on the environment where the algae grow [25] . Some contain important light-harvesting, protein-pigment complexes called phycobiliproteins. When present, these proteins generally constitute 1-10% of the dry algal biomass. Phycobiliproteins are oligomeric proteins containing two chromophore-bearing polypeptides. This broad class of proteins encompasses three protein subclasses that absorb various red and blue wavelengths -phycoerythrins (PEs), phycocyanins and allophycocyanins. PEs are contained in certain red algae, and phycocyaninscan be found in certain red and blue-green algae [8] . Phycobiliproteins also fluoresce in vitro. This property has enabled them to be used in biotechnological applications. For example, the biomedical diagnostic community employs phycobiliproteins, primarily in immunochemical methods. Moreover, in some countries, phycobiliproteins are used as natural colorants for food and cosmetics (e.g., chewing gum, dairy products, jellies, ice sherbets, lipsticks and eyeliners) [26] . The most commonly used phycobiliprotein is phycoerythrin, which is present in fluorescent immunoassays, fluorescent immunohistochemistry and other methodologies [8] .
Recent studies have shown that the antioxidative capacity of phycobiliproteins can be exploited to preventor treat several chronic diseases [27] . Phycobiliproteins also exhibit anti-inflammatory, neuroprotective, hypocholesterolemic, hepatoprotective, antiviral, antitumor, antiarteriosclerotic, serum lipid-reducing and lipase inhibition activities. Lectins are glycoproteins that have health applications and uses in clinical diagnosis. Within organisms that possess them, lectins function in aggregation and recognition roles [28] . They have been isolated from primitive marine organisms, including fishes, sponges and sea invertebrates [28] . Recently, a new lectin structural family was identified in Bryothamnion triquetrum, a red marine alga. The lectin contained 91 amino acids and two disulfide bonds. The amino acid sequence of the B. triquetrum lectin was not similar to any known animal or plant lectin structure [3] . Finally, mitogenic and antineoplastic isoagglutinin glycoproteins have been discovered in the red alga Solieria robusta [8] .
A normal total lipid content in a macroalgae is between 1.5 and 5%; therefore, its contribution as an energy source appears to be low [29] . Generally, seaweed fatty acids are even-numbered, linear chains that possess one or more double bonds [30] . Algae contain higher proportions of saturated and unsaturated fatty acids than terrestrial plants [18] . PUFAs account for almost half of the seaweed lipids. Much of the seaweed PUFAsoccur in the form of omega-3 (n-3) and omega-6 (n-6) fatty acids, such as eicosapentanoic acid (EPA) and arachidonic acid (AA) [31] . In addition to fatty acids, the unsaponifiable fraction of macroalgal lipids contains carotenoids (e.g., fucoxanthin in brown seaweeds; carotene, lutein and violaxanthin in red and green seaweeds), tocopherols, sterols (e.g., fucosterol in brown seaweeds) and terpenoids [32] .
Algal polysaccharides differ from terrestrial plant polysaccharides, and polysaccharide type varies greatly between algal species (Table  1) . Although their carbohydrate content is relatively high (33-75% DM), algae are not energy-rich foods because the digestibility of these carbohydrates is low [33] . Most algal polysaccharides simply pass through the human gastrointestinal tract as dietary fiber [34] . "Dietary fibers" are a wide range of complex materials, and numerous definitions have been proposed for this term. Dietary fibers are classified as soluble (SDF) or insoluble (IDF) according to their water solubility. The total dietary fiber content of seaweeds ranges from 29.3-62.3 g/100 g [35] , which is higher than the fiber content of most fruits and vegetables. The typical Asian individual's algal intake of 8 g/daysatisfies up to 12.5% of the daily recommended dietary fiber requirement [31] . The health benefits of algal fiber consumption are well documented [2] . Polysaccharide composition is a principal characteristic used in classifying algae. Algae contain three types of polysaccharides: structural cell wall polysaccharides, intercellular mucilage polysaccharides, and storage polysaccharides. Storage polysaccharides, such as carrageenans and alginates, are common to seaweeds and are the most commercially exploited seaweed components. Storage polysaccharides exhibit textural and stabilizing properties that are useful in several food applications [31] .
Found extensively in the cell walls of macroalgae, fucoidans are a class of sulfated, fucose-rich polymers. Fucoidans are a major therapeutic component of brown algae. Depending on the specific seaweed species, these polymers constitute up to 25-30% of algal dry weight [36] . Fucoidans display numerous bioactive properties, including anticoagulant, antiviral, antibacterial [37] , antithrombotic, anti-inflammatory, antitumor and antioxidant activities [38] . Fucoidans can be easily extracted using either hot water or acidic solutions. In addition, the therapeutic potential of fucoidans increases with the degree of sulfation [39] .
Fucoidans vary extensively in their polysaccharide structures.Every fucoidan-producing species possesses multiple types of fucoidan that differ in theirmonosaccharide proportions. In addition,brown algae synthesizespecies-specific fucoidan sugar compositions. Fucoidan structure and biological significance has been studied [38, 40, 41] . Fucoidans of various molecular weights and of different origins (and also other seaweed contents) have exhibited a marked anticancer effect in vitro and in vivo, whether they are administered orally or injected directly into the blood or peritoneal cavity ( Table  2) . A significant reduction in the cancer development was observed in mice and rats after cancer cells had been implanted [41, 49] . Similar effects were observed in several other cancer animal models, including leukemia and breast cancer [50] .The phenomenon was attributed to the stimulation of both innate and specific immunity. Isolated fucoidans from brown algae have also been shown to possess broad immunomodulating effects. In human studies, fucoidan has been shown to stimulate the enzyme granzyme A, which is believed to induce cytokine production in a variety of cells [51] . This observation may partially explain the mechanism of fucoidan immunomodulation [49, 52] . In another human study involving fucoidan ingestion, low serum levels of fucoidans coincided with the presence of stromal cell-derived factor 1 and increased chemokine receptor CXCR4-expressing hematopoietic stem cells and chemokine IFN-γ [52] . Large, controlled studies have been proposed to evaluate fucoidans therapeutic effects for inoperable, advanced or recurrent colorectal cancer [49] . Strong archival support documentsthe promising bioactivities of fucoidan. Researchers hope to use fucoidans for treating thrombosis and some forms of cancer [37] . Wijesekara et al. [53] reported that algal sulfated polysaccharides possess potential for new pharmaceutical and food anticancer products.
Fucoxanthin is an orange carotenoid found in edible brown seaweeds. This carotenoid exhibits anticarcinogenic effects, apoptotic induction of cancer cells, anti-inflammatory effects, and radical-scavenging activity [23, 54] (Figure 1 ). Additionally, fucoxanthin significantly inhibits numerous enzymes, e.g., matrix metalloproteases, hyaluronidases and elastases [55] . This inhibitory activity limits tissue breakdown in inflammatory settings caused by injury and disease; moreover, the activity even inhibits metastasis [56] .
Laminaran (or laminarin) is a water-soluble,approximately 5000 Da polysaccharide containing 20-25 glucose units [57] and is the second most numerous storage glucan in brown algae. Most laminarans are dietary fibers because they form complex structures that are stabilized by inter-chain hydrogen bonds and are resistant to hydrolysis in the upper gastrointestinal tract (GIT). Laminaran modulates intestinal metabolism by affecting mucus composition, intestinal pH and short-chain fatty acid production. In addition to their role as dietary fibers, laminarans function as prebiotics and possess antibacterial and antitumor activities [58] . Environmental factors such as water temperature, salinity, waves, sea currents and depth affect the structure and biological activities of laminaran [57] . The antimetastatic effects of laminaran sulfate have been investigated [57, 59] . Laminaran sulfate inhibited heparanase activity in mouse B16-BL6 melanoma cells and rat 13762 MAT mammary adenocarcinoma cells. Consequently, the tumor cells' ability to degrade heparan sulfate in their extracellular matrixes was reduced, and an antimetastatic effect was, therefore, produced [59] .
At the effective concentrations, laminaran sulfate exerted a small effect on tumor cell proliferation and primary tumor growthin vivo.
These results further illustrate heparanase involvement in tumor metastasis, and the study supports potential clinical applications of laminaran sulfate in cancer treatment [59] .
Alginic acid, or alginate, is the common name given to a family of linear polysaccharides produced by brown seaweed [60] . Alginates are available commercially in both acid and salt (sodium and calcium) forms. The acid form is a linear polyuronic acid referred to as alginic acid. The salt form is an important cell wall component in all brown seaweed, constituting up to 40 -47 % of dry algal biomass. Alginate is widely used in the food and pharmaceutical industries because of its ability to chelate metal ions and to form highly viscous solutions [57] . Alginate possesses diverse bioactivities: anticoagulative [61] , antitumor [62] , antiviral, antihypertension and antioxidant [53] . Alginate protects against carcinogens by clearing them from the digestive system and protecting stomach and intestinal surface membranes from the effects of carcinogens [50] . Intestinal enzymes cannot digest alginic acid. Consequently, heavy metals are gelated or rendered insoluble by alginic acid in the intestines and cannot be absorbed into the body [58] . In several countries, the use of alginic acid and its derivatives for gastritis, gastro duodenal ulcer and anti-ulcer treatment is patent protected. Clinical trials have shown that sodium alginate promotes the regeneration of stomach mucous membranes, suppresses inflammation, and eradicates mucous membrane colonies of Helicobacter pylori [63] . Additionally, alginate promotes the restoration of intestinal biogenesis [8] . Other studies show effects on fecal microbial fauna, changes in compound and acid concentrations, and prebiotic properties that can promote health, particularly in regard to cancer prevention [64, 65] .
Carrageenans are a family of linear, hydrophilic, sulfated galactans that are obtained from different Rhodophyta species [13] . Carrageenans are traditionally split into six categories based on their chemical composition and commercial use [71] . Because of their sulfate group concentration, all carrageenan fractions are soluble in water and insoluble in organic solvents, oil and fats [13] . Carrageenans are classic agents for inducing inflammation and inflammatory pain in experiments [72] . From a human health perspective, carrageenans exhibit several promising pharmaceutical properties [62] , including antitumor [73] , immunomodulatory [74] , antihyperlipidemic [13, 75, 76] , anticoagulative [77] and antiviral activities [78] . Recently, researchers confirmed that carrageenan is an extremely potent infection inhibitor of a broad range of human genital papillomaviruses (HPVs); therefore, carrageenan-based sexual lubricant gels may offer protection against HPV transmission [13, 52, 58, 79] . At concentrations approximately 1000 times higher than those required to inhibit papilloma viruses, carrageenans inhibited HIV [78, 80] . Carrageenans are approved and widely used as a food additive [71, 81] . In the food industry, they are employed as a thickener, emulsifier, and stabilizer [10, 82] .The food products that contain carrageenan include chocolate milk, ice cream, whipped cream, dietetic foods, low-fat processed meats, infant formula, beer, and salad dressings. Carrageenans' unique ability to combine with milk proteins improves the texture of many food products [6, 13, 76] . The safety of carrageenans as food additives have been investigated by many researchers. In a review of 45 studies using animal models (rats, mice, rabbits and Guinea pigs), low molecular weight (degraded) carrageenans were associated with the induction and proliferation of intestinal neoplasms and ulcerations [76] . These results warn of potential problems associated with human carrageenan consumption, such as inflammatory bowel disease and gastrointestinal malignancies [13, 36, 83] . One research group performed a time-trend analysis to see if carrageenan use correlated with the incidence of mammary carcinoma in twentieth century United States. This analysis revealed that the increasing consumption of several alginate gums correlated positively with increased incidences of breast carcinoma [81] .
Mannitol is an important sugar alcohol produced by photosynthesis [84] . This sugar alcohol occurs naturally in many brown algal species, accounting for 20-30% of the dry weight of some Laminaria species [60, 85] . Mannitol is only 70% as sweet as sugar, but has a low glycemic index rating because it cannot be metabolized by intestinal cells [86] . Mannitol is commonly used in chewing gum and mints. The mannitol content of a seaweed varies widely with season and, particularly, environment. The applications of this sugar alcohol are extremely diverse. Because of its hydrating and antioxidant properties, mannitol is used in numerous cosmetic and pharmaceutical products [60, 70, 86] . In addition, mannitol is used in the paint and varnish industry, leather and paper manufacture, the plastics industry and explosives. A variety of foods contain mannitol. It can replace sucrose in candy and chocolate-flavored coatings. Sugar-free chocolates are popular among people with diabetes, a growing problem in modern society. Mannitol is used as a flavor enhancer because of its sweet taste and pleasantly cool feel in the mouth. Mannitol is non-hygroscopic and chemically inert; therefore, it can be used to maintain the proper moisture level in foods and increase shelf-life and stability [86] . Mannitol is noncarcinogenic. Finally,it can be used in pediatric and geriatric food products because it does not contribute to tooth decay [58, 87] .
Ulvans are highly charged, sulfated polyelectrolytes with average molecular weights from 189 to 8,200kDa [88] . These cell wall polysaccharides comprise 8 to 29% of dry algal matter [58, 66] . Ulvans' unique physicochemical properties make them attractive candidates for novel food, pharmaceutical, chemical aqua cultural, and agricultural bioactive polymers. Two major types have been identified: water soluble ulvans and insoluble, cellulose-like ulvans. Numerous researchers have demonstrated ulvans' antitumor, immunomodulatory [89] , antiviral [90] , anticoagulative [91] and antioxidant activities [92, 93] . Ulvans were able to affect the adhesion and proliferation of normal and tumor human colonic cells. Ulvans were also able to affect the expression of transforming growth factors (TGF) and surface glycosyl markers related to cellular differentiation [89, 94] . Moreover, ulvans induced mucin secretion in rat colon and, therefore, increased protection of the colonic mucosa. Because of their ion-exchange properties, ulvans are used as bioindicators for monitoring heavy metal pollution in coastal waters [95] . Lahaye and Robic extensively reviewed the available ulvan literature, emphasizing its structure and properties [94] .
Species of Porphyra contain a sulfated, complex galactan called porphyran [66, 67] . This has been used as a gelling agent, a nutritional supplement and an antioxidant [66, 68] . Porphyran is a quality dietary fiber that chemically resembles agar. A 20% nori (Porphyra) powder mixed with a basic diet and given orally to rats prevented, 1,2-dimethylhydrazine-induced intestinal carcinogenesis. Porphyran has exhibited appreciable antitumor activity against Meth-A fibrosarcoma [69, 70] . In addition, porphyran was demonstrated to significantly lower an artificially enhanced level of hypertension and bloodcholesterol in rats [77] . An agar-type polysaccharide obtained from a cold water extract of a Gracilaria species displayed antioxidant and antitumor activities [43] . Agarooligosaccharides have also been shown to suppress the formation of a pro-inflammatory cytokine and an enzyme associated with nitric oxide production [96] . Agarose can be separated from agar in 42% yield; agar content varies seasonally from 26 to 42% in Gelidium species.
Algal oligosaccharides are carbohydrate molecules with low degrees of polymerization [77] . They are produced naturally and by chemical, physical or biochemical degradations of algal polysaccharides. Numerous oligosaccharides have been shown to possess antioxidant, immune stimulative and antitumor properties [22] . Additionally, a diet containing oligosaccharides benefits health because oligosaccharides are prebiotics. These digestionresistant oligomers function as food sources for and promote the growth of beneficial bacteria [22] . For example, xylo-and fructooligosaccharides remain intact until the large intestine, where aerobic bacteria, such as bifidobacteria and lactobacilli, preferentially consume these sugars [97] . Moreover, non-digestible oligosaccharides have exhibited other biological activity, such as immunostimulative, antioxidative, antiangiogenic and antithrombotic properties [22] . In their review [77] , Mussatto and Mancil showed that transgalactosylated disaccharide intake reduces fecal pH and ammonia, p-cresol and in dole concentrations. They also assert an increase in bifidobacteria and lactobacilli populations and a decrease in Bacteroidaceae populations. Because these changes in fecal physiological parameters are believed to reduce the risk of cancer, macroalgal non-digestible oligosaccharides are considered potential anticarcinogenic food ingredients [66] .
Generally, algae contain a variety and high concentrations of minerals (8-40%) [21] . Their high mineral contentsresult from the ability of their cell surface polysaccharides to retain various inorganic marine substances [31] . However, actual mineral content varies between species and because of oceanic residence time, the geographic harvesting site, wave exposure, seasonal changes, environmental factors, physiological factors, processing, and the mineralization methods used [21, 23] . Physiologically important minerals accumulate in seaweeds at considerably higher levels than in edible terrestrial plants and animals [31] . In fact, edible seaweed value in human nutrition is based on its high content of several essential minerals -As, Na, Mg, P, K, I, Fe, and Zn. Algal Na and K levels are particularly high, although their Na/K ratios are usually below 1:5 [98] . Because seaweeds also contain large amounts of trace elements that are limited in terrestrial vegetables, algal-based supplements could provide adults with the daily requirements of these minerals [21] . All seaweeds contain relatively large amounts of sulfates (1.3-5.9%), which are typical components of their polysaccharides. Fucans in brown algae and galactans in red algaebind sulfates; such sulfated mucilages are not found in terrestrial plants [99] . Sulfate levels relate to specific aspects of ionic regulation and salt concentrations in the algal aqueous environments [100] . Most algae contain higher Mg levels (500-1,000 mg/100 g) than terrestrial plants and animals [21] . Algae also Anticancer activity of seaweed Natural Product Communications Vol. 8 (12) 2013 1815 contain higher Fe levels than terrestrial organisms, but the concentration varies considerably depending on the species and harvesting season. A study on iron bioavailability revealed that iron absorption and retention was lower in seaweed-fed animals than a control. The researchers attributed the cause to the polyphenolic compounds or peptides from the partially digested algal protein in the diet [101] . Calcium is a major element in algae and is present at concentrations of 470-1,400 mg/100 g of DM [21] . P is found at levels of 200-800 mg/100 g of DM. Because of its high Ca/P ratio (3:5), algae could compensate for the calcium scarcity in several foods, such as cereals and meats [16, 21] . Moreover, seaweed consumption may prove useful to individuals at risk of calcium deficiency, namely expectant mothers, adolescents and the elderly. Algal iodine concentrations, which vary greatly among species [101, 102] , also differ according to growth conditions, habitat, and pre-harvest conditions [103] . Brown seaweeds accumulate many elements. They are a good source of magnesium, copper, iron, iodine and other nutritionally rare elements. In the developed world, Japan has one of the lowest age-adjusted breast cancer mortality rates [1, 104] . The incidence of breast cancer in Japanese immigrants to the United States and in their successive generations, has gradually reached the rates of white United States women,which suggests a dietary link [105] . High iodine intake may be a key protective factor against breast cancer development in Japanese women. One correlation study in Spain found a significant positive association between regions where iodine intake was low and breast cancer mortality rates high [106] . The use of iodine in treating breast cancer warrants study. Traditional eastern Asian medicine has long used iodine-rich seaweeds as a cancer treatment to ''soften'' tumors and ''reduce'' nodulation [107] . Recent in vivo animal studies suggest iodine possesses an antitumor effect [108] . In dimethylbenz [a] anthracene-induced mammary carcinoma in rats, iodine supplementation suppressed the disease's development [106] . This suppressive activity was enhanced when the iodine treatment was combined with progesterone treatment. The suppressed tumors possessed significantly higher mean iodine content than the nonsuppressed tumors. Progesterone enhanced the iodine uptake [109] . An anticarcinogenic role for iodine in experimental animals was suggested by the work of Funahashi and co-workers. They observed that Lugol's iodine or iodine-rich Wakame seaweed administration to rats treated with the carcinogen 7,12-dimethylbenzanthracene suppressed mammary tumor development [35] . Those researchers additionally demonstrated that seaweed induced a greater degree of apoptosis in human breast cancer cells than fluorouracil, a chemotherapeutic agent used to treat breast cancer. This finding led the authors to speculate that 'seaweed may be applicable for prevention of breast cancer' [109] .
A major nutritive characteristic of edible algae is their high vitamin content, primarily with regard to water-soluble vitamins C and B and fat-soluble vitamins A and E. The vitamin C levels in green and brown algae range between 50 and 300 mg/100 g of DM, whereasthe values for red algae range from 10 to 80 mg/100 g of DM [21] . Certain dried green and red algae, e.g. Spirulina, contain extensive amounts of vitamin B12. However, other edible algae contain little or none [110] . Daily ingestion of only 1 g of Spirulina supplies the daily requirements of B12. Because of their vitamin B12 content, algae have been recommended as dietary supplements for vegetarians, among whom megaloblastic anemia is common. Seaweed folate content (as folic acid or vitamin B9) ranges from 61.4 to 161.6 μg/100 g of DM [21] . Red and brown algae contain high levels of folic acid and folate derivatives, including 5-methyltetrahydrofolate, 5-formyltetrahydrofolate and tetrahydrofolate. On a DM basis, thiamine (vitamin B1) content is high compared with that of terrestrial vegetables [111] . Brown seaweeds contain higher vitamin E levels (2.3-41.2 mg/100 g of DM) than green and red seaweeds (0.8 mg/100 g of DM) [112] . Brown algae contain α, β, and γ-tocopherols; green and red algae contain only α-tocopherol [113] .
Phenolic compounds in seaweed possess a wide range of bioactivity: antimicrobial, antioxidant, antiviral and antitumor. These molecules are assumed to function in algae as chemical defenses against grazers, pathogens and epiphytes [114, 115] ; phenolic compounds in algae are also assumed to provide photoprotection [116] . Algal polyphenols, also called phlorotannins, are composed of phloroglucinol units (1,3,5-trihydroxybenzene). They constitute a heterogeneous group of molecules that vary greatly in their structure and degree of polymerization. Phlorotannins at high levels are found primarily in Fucales (20-30% dw). However, their extractable polyphenol levels (less than 0.4% algal DM) are lower than other phytochemicals. Phlorotannin concentrations are genetically variable and depend on the season of harvesting, habitat, and other extrinsic environmental factors such as salinity, nutrient and light availability, ultraviolet radiation, and herbivore grazing. Furthermore, phenolic content varies within an individual alga. Brown seaweeds display the highest phlorotannin concentrations [117] . Although phlorotannins have different structures and molecular weights, their chemical properties are similar [118] . Phlorotannins are ecologically important. They protect brown algae from ultraviolet irradiation and may be a chemical defense against herbivores. Like gallotannins or condensed tannins in terrestrial plants, phlorotannins are capable of precipitating proteins or metal ions. Polymeric phlorotannins inhibit enzymes such as phospholipase A, lipoxygenase,cyclooxygenase-1, hyaluronidase [118] , and tyrosinase. Several polyphenolic compounds and complex mixtures have been isolated from brown algal species to explore the potential phlorotannin role in preventing degenerative diseases linked to oxidative stress [119] . Nutritionists agree that cancer incidence and neurodegenerative disease probability can be diminished by diets rich in fruits, grains and vegetables. The damage of DNA by reactive oxygen species is widely believed to be a significant contributor to age-related cancer development [63] . Until recently, algae were largely ignored as sources of antioxidant. Studies over the last several years have revealed that several seaweed components have appreciable antioxidant capability [20, 120] [121] .Numerous researchers have studied seaweed health benefits in vitro [122] and in vivo.
A few human studies have assessed the impact of seaweed consumption on the risk for future disease (Table 3) . Such data should be interpreted with caution because they indicate associative relationships but not necessarily causal relationships between seaweed intake and health outcomes. Different seaweeds appear to have different effects on disease risk. Yang reported that premenopausal women who ate the greatest amounts of seaweed were 56% less likely to be diagnosed with breast cancer than premenopausal women who ate the least amounts of seaweed [123] . An analysis of postmenopausal women revealed an even more dramatic risk reduction (68%) when comparing the highest and lowest quintiles of seaweed intake [123] . Preliminary research has demonstrated that selected seaweed phytochemicals (i.e., alginic acid, fucoidan, fucoxanthin and laminarin) interfere with cancer cell proliferation in vitro 124] . Human studies offer additional clues regarding possible mechanisms. Insulin-like growth factor 1 (IGF-1) is an anabolic hormone important for growth and development.
1816 Natural Product Communications Vol. 8 (12) 2013 Namvar et al. High-circulating serum concentrations of IGF-1 in adulthood are associated with an increased risk of postmenopausal breast cancer. Breast cancer incidence is typically lower in Asian countries where soy is commonly consumed. Notably, in trials with American women, soy supplements significantly increasedIGF-1. However, seaweed is also consumed regularly in Asian countries with low breast cancer risk. Thirty healthy postmenopausal women participated in a 14-week double-blinded, randomized, placebocontrolled, crossover clinical trial. Participants consumed 5 g/day of either placebo or seaweed in capsules for 7 weeks. During the 7th week, a high-soy protein isolate powder was added. Soy significantly increased serum IGF-1 concentrations compared with the placebo. Seaweed reduced this soy increase by approximately 40%. The researchers concluded that concurrent seaweed and soy consumption may be important for moderating the effects of soy on IGF-1 serum concentrations, hence providing a possible mechanism for seaweed anticancer effects [125] .
In another study, fifteen healthy postmenopausal women participated in a double-blind trial of seaweed supplementation with a soy challenge. Seaweed positively altered estrogen and phytoestrogen metabolism [126] .These observations may explain why the rates of estrogen-dependent cancers are higher in Western and lower in Eastern countries [127] . Results from our lab have shown that polyphenol-rich red seaweed is tumor-suppressive. The mechanism occurred via apoptosis induction, down regulating the endogenous estrogen biosynthesis, and improvement ofthe antioxidative status of the rats [128] . Because cholesterol is a precursor to sex hormone biosynthesis, kelp consumption may alter circulating sex hormone levels and menstrual cycling patterns. In particular, dietary kelp may be beneficial to women at high risk for estrogen-dependent diseases.
Additionally, brown seaweed was administered to three premenopausal women with either abnormal menstrual cycling patterns or menstruation-related disease histories. Seaweed intake was associated with significant increases in menstrual cycle lengths. Moreover, hormone measurements for one woman revealed significant anti-estrogenic and progestagenic effects following kelp administration. These pilot data suggest that dietary kelp may lengthen the menstrual cycle and exert anti-estrogenic effects in premenopausal women. Furthermore, these studies suggest that, in addition to soy, seaweed consumption may be responsible for the reduced risk of estrogen-related cancers observed in Japanese populations [127] . In another study, seaweed consumption was associated with a 12.1% reduction in the insulin incremental area. Glucose and insulin responses were similar between men and women. No adverse effects were associated with seaweed capsule consumption. These data suggest that brown seaweed may alter the insulin homeostasis in response to carbohydrate ingestion [129] .
High levels of circulating insulin and an inadequate intake of iodine, a trace mineral found in seaweeds, are thought to contribute to breast cancer incidence. However, not every type of seaweed afforded the same level of protection. These results highlight the variability in the bioactive components of seaweed. Even within a single species, research has suggested that significant seasonal variations in nutritional content exist, which is likely to impact the biological effects of edible components outlined above.
Historically, seaweed has been consumed around the world. However, seaweed has been consumed in appreciable amounts only in certain areas. Although chemical analyses suggest numerous nutritional benefits to consuming seaweed, more evidence is needed linking seaweed dietary intake to health. Epidemiological studies suggest dietary factors could be critical to understanding cancer rates. Seaweed whole extracts or purified components have exhibited high antitumor activity in vitro. In vivo research with different animal models have demonstrated that fresh seaweed or seaweed extracts (as part of a regular diet, drinking water and/or as an injection) both inhibit and treat cancer.
Although little is known about relative cancer risk and seaweed intake in humans, a small body of in vivo and in vitro research suggests seaweed may be useful in cancer prevention and treatment. Seaweeds have been used to treat tumors in traditional Chinese and Japanese folk medicine. Populations that consume seaweed regularly, as in Japan, have dramatically lower rates of hormonesensitive cancers, such as breast and prostate cancers [130] . Epidemiological studies performed in Japan before Westernized diets were common reported that Japanese women had lower rates of premenopausal and postmenopausal breast cancer [131] . In addition, after developing breast cancer, Japanese women were more likely to survive five years or more than United States women with breast cancer [132] .
No clinical studies of cancer and seaweed have been reported. However, in a large prospective dietary study in Japan, investigators reported that, after 9 years of follow-up, miso soup (made from a concentrated hot water extract of seaweed plus a tablespoon or less of soybean paste and usually a few vegetables) was the food most closely associated with low breast cancer risk out of the foods investigated [133] . Women who ate three or more bowls of miso soup daily had approximately half the rate of breast cancer as those who ate two or fewer bowls. In two other epidemiological studies of diet and breast cancer in Japan, daily miso soup consumption was associated with 15% lower rate of breast cancer; women who drank miso soup at least five times /week had 13% lower rates [134] .
